Soft X-ray microscopes can be used to examine whole, hydrated cells up to 10 mm thick and produce images approaching 30 nm resolution. Since cells are imaged in the X-ray transmissive`water window', where organic material absorbs approximately an order of magnitude more strongly than water, chemical contrast enhancement agents are not required to view the distribution of cellular structures. Although living specimens cannot be examined, cells can be rapidly frozen at a precise moment in time and examined in a cryostage, revealing information that most closely approximates that in live cells. In this study, we used a transmission X-ray microscope at photon energies just below the oxygen edge (l 2.4 nm) to examine rapidly frozen mouse 3T3 cells and obtained excellent cellular morphology at better than 50 nm lateral resolution. These specimens are extremely stable, enabling multiple exposures with virtually no detectable damage to cell structures. We also show that silver-enhanced, immunogold labelling can be used to localize both cytoplasmic and nuclear proteins in whole, hydrated mammary epithelial cells at better than 50 nm resolution. The future use of X-ray tomography, along with improved zone plate lenses, will enable collection of better resolution (approaching 30 nm), three-dimensional information on the distribution of proteins in cells.
Introduction
The imaging of cells using a variety of microscopes with distinctive capabilities has generated unique spatial and temporal information about cells and their responses to extracellular signals. Currently, the light microscope is the quintessential tool for monitoring the dynamics of live cells, whereas the transmission electron microscope (TEM) provides high-resolution information about the structural organization of cells that have been fixed at a precise moment in time. The use of light microscopy to track specific protein constructs tagged with green fluorescent protein (GFP) has facilitated studies of exogenous proteins in live cells (Lippincott-Schwartz et al., 1998; Tsien, 1998; LippincottSchwartz et al., 1999; Miller et al., 1999; Larabell, 2000; Taunton et al., 2000) , and both light and TEM are being used to determine the location of endogenous proteins in fixed cells. Immunocytochemistry can be carried out in whole, hydrated cells using a light microscope; however, the spatial resolution attainable is often insufficient to answer questions regarding the precise location of proteins and protein complexes. The only available option until recently has been immunogold labelling and localization using TEM. Although TEM provides superb resolution, it requires extensive processing, including dehydration, embedding in plastic, and preparation of ultra thin sections (50±100 nm). These procedures are extremely time-consuming and can introduce artefacts and loss of antigenicity. An alternative approach for TEM immunocytochemistry, which better preserves the epitope, is immunogold labelling of glucose-treated frozen sections. This approach is generally successful but is extremely tedious and therefore infrequently used. There is a distinct need for a high-throughput approach that provides better resolution than light microscopy with minimal processing of the cells.
We show that soft X-ray microscopy, which achieves better than 50 nm resolution, can be used to localize proteins in whole, hydrated cells and can therefore bridge the existing gap between light and electron microscopy.
Soft X-ray microscopy has unique capabilities that make it a very useful tool for imaging cells (Kirz et al., 1995; Schmahl et al., 1996; Magowan et al., 1997; Methe et al., 1997; Jacobsen, 1999; Scharf & Schneider, 1999) . The specimens are imaged in what is referred to as the`water window', that is with X-rays with a range of photon energies between the K-shell absorption edges of carbon (284 eV) and oxygen (543 eV). In this energy range, organic matter absorbs approximately an order of magnitude more strongly than water. Operating at photon energies just below the oxygen edge, e.g. 517 eV (which corresponds to a wavelength of l 2.4 nm) enables examination of thick (up to 10 mm), hydrated cells. In this paper, we have used a conventional transmission X-ray microscope equipped with a zone plate condenser and objective (XM-1) (Meyer-Ilse et al., 1995 , 1999 located at the Advanced Light Source at Lawrence Berkeley National Laboratory (LBNL). Using this microscope, we have obtained high contrast images of whole, hydrated cells at better than 50 nm resolution. The use of a cryo-stage enabled examination of rapidly frozen cells that were not exposed to chemical fixatives or contrast enhancement agents and therefore more closely resemble their native state. As cells were examined using Xrays with 517 eV photon energy, where the 1/e attenuation lengths of water, organic material and silver are about 10 mm, 0.5 mm and 50 nm, respectively (Henke et al., 1993) , we can clearly distinguish dense, unlabelled cellular structures from silver-enhanced gold label. Consequently, we can use standard immunogold labelling techniques typically used for TEM and recently used to localize proteins in whole, dehydrated cells using dark-field X-ray microscopy with a scanning transmission X-ray microscope (Chapman et al., 1996) . Although chemical fixation is not required for X-ray microscopy of cryo-fixed specimens, it is required for immuocytochemistry and was used in the labelling work reported here. The future use of cryo X-ray microscopy to examine whole cells followed by tomography, as was recently demonstrated with the green alga Chlamydomonas reinhardtii (Weiss et al., 2000) and cell monolayers (Wang et al., 2000) , will generate three-dimensional information about an entire cell and its organelles. This approach, when coupled with immunolabeling techniques, will yield unique, 3-D information about the distribution of proteins in whole, hydrated cells at unparalleled resolution.
Materials and methods

X-ray microscopy
The images shown here were collected using a conventional transmission X-ray microscope (XM-1) (Meyer-Ilse et al., 1995 , 1999 . The specimen is fully hydrated and positioned between two thin (100 nm) low-absorption silicon nitride membranes then examined using photon energies just below the oxygen edge, i.e. 517 eV (corresponding to a wavelength of l 2.4 nm). Images were focused using Fresnel zone plates as the condenser and objective lenses. The spatial resolution is largely determined by the width of the outermost zone of the objective zone plate and is on the order of 30±45 nm, depending on the zone plate used, the sample contrast, and the attainable signal-to-noise ratio. The magnified image is recorded on a Peltier-cooled, backilluminated, 1024 Â 1024 soft X-ray CCD camera.
Zone plate lenses
The images were collected using a zone plate condenser lens to focus the synchrotron X-ray source on the sample and a zone plate objective lens to magnify and project the image onto the CCD. The condenser lenses are 9 mm in diameter, have an outermost zone width of 55 nm and a focal length of 205 mm at 517 eV photon energy (2.4 nm) [lenses produced by G. Schmahl and D. Rudolph, University of Go Èttingen (Schmahl et al., 1996) or E. Anderson, Center for X-ray Optics, LBNL (Carter et al., 1999) ]. The objective zone plate lenses are 45 mm in diameter, have an outermost zone width of 35 nm, and a focal length of 650 mm at 517 eV photon energy (produced by E. Anderson, LBNL; Carter et al., 1999) . The resolution, using a knife-edge test, is 43 nm between 10% and 90% intensity (Heck et al., 1998) (Figs 2±4) and 36 nm (Fig. 1) . Additional information about these measurements is available at www.cxro.lbl.gov/microscopy.
Cryomicroscopy
Cells were cultured on 100 nm-thick silicon nitride support films, rinsed in phosphate-buffered saline (PBS), covered with another 100 nm-thick silicon nitride support film and placed on the microscope. They were then rapidly frozen by exposure to a jet of liquid nitrogen-cooled dry helium gas. This approach produces freezing rates on the order of 3000 8C s
21
, generating images virtually free of ice crystal artefacts at the level of resolution of the X-ray microscope (Meyer-Ilse et al., 1999) . Freezing rates of 3000 8C s 21 are not sufficient to achieve vitreous ice and well-frozen cells. Examination of the same cells using electron microscopy might reveal ice crystal damage that is undetectable at the level of resolution of the X-ray microscope configured with the zone plate used to obtain Fig. 1 (a zone plate with an outer zone width of 36 nm).
Immunocytochemistry
For localization of tubulin, cells were cultured on 100 nm thin silicon nitride support films, rinsed in PBS (37 8C), then fixed (2% paraformaldehyde, 0.1% glutaraldehyde, 100 mm KCl, 3 mm MgCl 2 , 10 mm HEPES, 150 mm sucrose, 0.1% Triton, pH 7.4, 37 8C, 30 min). Non-specific labelling was blocked with Super Block (SB, Pierce Chemical, Rockford, IL, U.S.A.) in PBS plus 0.1% Triton. Cells were incubated in antibodies recognizing b-tubulin (ICN), rinsed in blocking buffer then incubated in secondary antibodies (FluoroNanogold, Nanoprobes Inc., Yaphank, NY, U.S.A.). After rinsing in PBS they were examined with the confocal microscope. For X-ray microscopy, cells were then post fixed in 2% glutaraldehyde in PBS, rinsed in double distilled H 2 O, silver enhanced (Li Ag, Nanoprobes Inc.), rinsed in ddH 2 O, then imaged in the hydrated state with the X-ray microscope.
For localization of nuclear pores and splicing factor, cells were permeabilized/extracted for 10 min at room temperature in a cytoskeletal stabilization buffer (CSB; 100 mm NaCl, 300 mm sucrose, 5 mm MgCl 2 , 10 mm PIPES, pH 6.8) with protease and phosphatase inhibitors (1 mm pefabloc, 10 mg mL 21 leupeptin, 10 mg mL 21 aprotinin, 10 mg mL 21 trypsin inhibitor II, 250 mm NaF, 0.5% Triton), washed in CSB with inhibitors (minus Triton), then fixed (2% paraformaldehyde, 0.1% glutaraldehyde in CSB). Cells were rinsed in PBS, blocked in SB, then incubated in primary antibodies against either nuclear pore complex protein (Mab414, CRP Inc, Richmond, CA, U.S.A.) or splicing factor protein (SRm300) and processed as described above for tubulin. 
Results
Cryofixed cells
Mouse 3T3 cells that were rapidly frozen and viewed in a cryostage in the X-ray microscope reveal superior preservation of morphology (Fig. 1A) . These cells had not been exposed to any chemical fixatives or contrast enhancement agents, yet fine details of the cell ultrastructure can be seen owing to the striking contrast afforded by X-ray imaging. Numerous organelles, granules of various sizes, and tubular structures (presumably mitochondria) are seen in the cytoplasm. Even the thickest region of the cell ± the nucleus (approximately 5 mm thick in these cells) ± is easily visualized. Several nucleoli are clearly visible within the nucleus and the surrounding nuclear membrane is sharp and distinct. Cryo transmission X-ray microscopy by the Go Èttingen group examined specimens frozen by plunge freezing in liquid nitrogen or ethane (Schneider, 1998; Weiss et al., 2000) . For the cryo X-ray microscopy shown here, however, we used a unique freezing approach to avoid problems associated with transferring the specimen from the cryogen to specimen stage (which is not under vacuum). The specimen was placed on the microscope stage and frozen using a blast of liquid nitrogen cooled helium gas. The rate of freezing was slower than required to obtain vitreous ice but was sufficient for the level of resolution used to collect these images. It is quite possible, however, that ice crystal damage would be detected in higher magnification views or by examination at higher resolution using electron microscopy. In any event, the frozen cells are extremely stable in the microscope and virtually no detectable change in ultrastructure was observed after 40 consecutive images (Fig. 1B) , an accumulative dose of approximately 10 8 Gy. Work of other investigators (i.e. Schneider, 1998) has shown that vitrified samples are stable with dosages up to 10 10 Gy without degrading the image quality within the resolution limit of the X-ray microscope.
Resolution obtained with the zone plate used to collect this image was 36 nm, as measured with a knife edge (for details, see Materials and methods). The depth of focus with this microscope is on the order of several micrometres; therefore the images shown are two-dimensional projections of three-dimensional data. Further instrumentation will facilitate tomographic reconstructions to restore the three-dimensional information. It has generally been thought that soft X-ray microscopy represented a difficult situation in which the depth of field was too large to provide good optical sectioning and too small to provide images that could be interpreted as projections through the full structure. The solution to this dilemma was thus believed to require a combination of focal-series deconvolution, to build up projections through the full specimen layer-by-layer, followed by tomographic reconstruction from these full projections.
There is another approach, however, recently shown by Weiss et al. (2000) , which demonstrates that using broadband illumination greatly enhances the depth of field and each image can be considered a true projection with no outof-focus components.
Immunolocalization of cytoplasmic proteins
To identify the subcellular distribution of proteins, we utilized gold-labelled antibodies, which are frequently used for localizing proteins in electron microscopy and, when conjugated with larger gold particles, to identify surface proteins using X-ray microscopy (Schmahl et al., 1994; Yeung et al., 1998) . In order to image intracellular proteins with the X-ray microscope we used small (1.4 nm) gold particles, which readily penetrate the Triton-permeabilized plasma membrane of the cell. We then used a silver enhancement technique to increase the gold to a size approximately equal to the resolution of the microscope, a technique routinely used for TEM and recently utilized to image proteins with dark-field scanning transmission X-ray microscopy of dehydrated cells (Chapman et al., 1996) . The silver particles are easily identified by the X-ray microscope. For the images reported here the microscope was operated at 517 eV photon energy (2.4 nm wavelength), and photons at this energy readily penetrate the aqueous environment while encountering significant absorption from carbon-and nitrogen-containing organic material or dense metallic particles, such as silver and gold. For X-rays with 517 eV photon energy, the 1/e attenuation lengths of water, organic material and silver are about 10 mm, 0.5 mm and 50 nm, respectively (Henke et al., 1993) . Hence, we can clearly distinguish dense, unlabelled cellular structures from the silver-enhanced gold label without contrast enhancement techniques. Figure 2 shows the microtubule network in a whole (fixed but unsectioned), hydrated mouse epithelial cell (EPH4), approximately 8±10 mm thick, imaged with the soft X-ray microscope (XM-1). The microtubule network was labelled using primary antibodies to tubulin followed by gold-conjugated secondary antibodies that were enhanced with silver to form aggregates approximately 50 nm in diameter. Because the direct transmission X-ray microscope image is based on variations in X-ray absorption, we have used a quantitative colour coding approach in which colour corresponds to the degree of absorption. In Fig. 2 , blue is indicative of the high density, high absorption silver particles, whereas orange represents less absorbing, organic-rich cell structures. Thus, the microtubule network appears as linear arrays of blue particles coursing throughout the cytoplasm (Fig. 2A) . In addition to the microtubules, the unlabelled nucleus and nucleoli are seen as spherical structures, shown here as shades of orange (according to exhibited absorption). The more hydrated (and low absorption) cytoplasmic regions appear dark in this image. Higher magnification views of the labelled microtubules (Figs 2B and C) reveal a particulate pattern to the labelling. Although this is unlike the continuous linear microtubules seen with fluorescence microscopy, it is typical of microtubule labelling seen with immunogold electron microscopy and is appropriate for the spatial resolution achieved in these images. The labelling is specific, as demonstrated by the lack of silver particles in control cells not exposed to primary antibodies (Fig. 2D) .
Immunolocalization of nuclear proteins
Fine structural details of the nucleus can also be examined using X-ray microscopy of whole cells. Figure 3 illustrates the distribution of nuclear pores on the surface of the nucleus of a human mammary epithelial tumour cell (T4). The nuclear pores were labelled using primary antibodies to a protein from the nuclear pore complex, an elaborate assembly of proteins approximately 45 nm in diameter that span the nuclear membranes of eukaryotic cells and contain an approximately 9 nm opening through which proteins and nucleic acids are transported. The secondary antibody used was conjugated with both fluorescein for detection in the light microscope and 1.4 nm gold particles. This allows us to first examine the cells with the confocal microscope to ensure appropriate labelling (data not shown) then enhance the gold particles with silver and examine the same cells in the X-ray microscope. This image (Fig. 3) reveals a striking view of the distribution of nuclear pores (blue particles, To demonstrate the ability to examine the distribution of proteins known to be inside the nucleus, we labelled human mammary epithelial tumour cells (T4) with antibodies to a splicing factor, SRm300 (Blencowe et al., 1994) . These proteins, which are involved in RNA processing, have been examined using confocal microscopy and electron microscopy (Powell et al., 1997) and shown to be mostly concentrated in clusters, referred to as speckled domains, in the cell nucleus. We show numerous such clusters in an epithelial cell (T4) visualized with silver-enhanced gold in the X-ray microscope (Figs 4A and B) . The X-ray micrographs show the clusters of SRm300 splicing factors as dense deposits that are distinct from the unlabelled nucleoli (Fig. 4C ) and visualized at a different absorption because of their high concentration of organic material (e.g. RNA and proteins). It has been suggested, based on electron microscopy, that these speckled domains correspond to nuclear structures previously identified as interchromatin granule clusters (Monneron & Bernhard, 1969) , which are surrounded by the perichromatin fibrils believed to be the site where splicing occurs (Xing et al., 1995) . These structures have engendered a great deal of interest recently because it has been shown that the distribution of RNA splicing factors is dynamic and is modified upon activation of gene expression (Misteli et al., 1997) and cell differentiation (Antoniou et al., 1995; Lelie Ávre et al., 1998) . Soft X-ray microscopy provides a unique method for examining the fine details of such nuclear structures.
Discussion
A combination of cell imaging techniques will be required to analyse the newly identified genes and gene products generated during the genome sequencing era. Modern molecular and structural biology techniques are generating vast amounts of information about molecules in vitro. In order to understand their function in vivo, however, it is imperative that we also examine these molecules in their natural environment, i.e. in cells. Fluorescent immunocytochemical experiments that examine the location of proteins in cells have provided important insights into protein function and, consequently, have had a considerable impact on our understanding of cell function for several decades. The recent use of light microscopy to track the new, multicoloured, fluorescently tagged proteins, such as GFP constructs (Lippincott-Schwartz et al., 1998; Tsien, 1998; Lippincott-Schwartz et al., 1999; Miller et al., 1999; Larabell, 2000; Taunton et al., 2000) , is currently revolutionizing our ability to examine protein function in vivo. This technology has enabled studies of the behaviours of specific proteins in living cells as well as their reorganization in response to external signals. Fluorescent resonant energy transfer is a powerful technique for examining aspects of short-range (, 5 nm) protein±protein interactions within cells. However, a thorough understanding of the function of these proteins requires information about their precise location in cells at better resolution than is achievable with the light microscope. To date, the use of transmission electron microscopy has been the technique of choice, and the use of immunogold labelling has made this an extremely powerful method (Roth & Heitz, 1989) . However, this approach requires elaborate, labour-intensive cell processing procedures and the technique is limited to sectioned or very thin (typically , 1 mm) specimens. Given the parameters of the X-ray microscope used for these studies (XM-1), we can resolve a volume 5±10 times smaller than can be resolved with conventional light microscopy and can obtain information about cell structure and localization of proteins at better than 50 nm resolution. X-ray microscopy can therefore bridge the gap between light and electron microscopy.
Cells that were initially live, then rapidly frozen and examined in the X-ray microscope, demonstrate remarkable structural details about cells that more closely resemble their native state than do chemically fixed cells. Although high voltage electron microscopes can also examine rapidly frozen cells, those microscopes are restricted to examining very thin cells (less than 2±3 mm); in addition, the images obtained are of very low contrast, making ultrastructure details difficult to discern (O'Toole et al., 1993) . Soft X-ray microscopy, however, when used to image cells in the`water window', exploits the strong natural absorptive contrast differences between lipids, proteins, and water to clearly distinguish subcellular components of the cells. The cellular ultrastructure is extremely well preserved and is revealed with a unique combination of high spatial resolution and good contrast, without the need for chemical contrast enhancement agents.
Imaging in the water window also facilitates immunolocalization analyses using silver-enhanced, gold labelling techniques. Using this approach, soft X-ray microscopy can be used to examine the distribution of both cytoplasmic and nuclear proteins at better resolution than is possible with light microscopy. The X-rays have sufficient energy to penetrate thick (up to 10 mm) specimens, eliminating the need for time-consuming sectioning procedures that make it difficult to obtain comprehensive information about protein localizations throughout an entire cell. Not only is serial sectioning an entire cell extremely tedious, but it can also result in loss of information through loss of entire sections or distorted information due to compression of the sections.
The images obtained from the X-ray microscope more closely resemble those obtained from TEM than from light microscopy and therefore the underlying cellular structures to which the labelled antibodies are bound can also be seen. Using this approach, the microtubule networks in the cell cytoplasm, the splicing factors in the nucleus, and the nuclear pore complex proteins in the nuclear envelope were readily identified. The images obtained are, however, twodimensional projections of three-dimensional data. Stereo tilts and tomography will ultimately restore this threedimensional data. The feasibility of X-ray tomography has recently been demonstrated by an impressive reconstruction of X-ray microscope images of Chlamydomonas reinhardtii that had been examined in a glass capillary tube (Weiss et al., 2000) and of cell monolayers (Wang et al., 2000) . X-ray tomography is currently being developed at LBNL for analyses of cultured cells grown in monolayers. This will facilitate analyses of immunolabelled cells that are cryofixed and examined in the cryo-stage followed by tomography to generate three-dimensional information about the localization of proteins throughout the entire cell. In addition, zone plate lenses with better resolution are being developed at the Center for X-ray Optics and are anticipated to generate 10 nm resolution (Carter et al., 1999) . Such zone plates will yield excellent three-dimensional views of whole cells, as well as information about the distribution of proteins, at levels of resolution approaching 30 nm. X-ray microscopy Fig. 4 . Nuclei of human mammary epithelial cells (T4) labelled for RNA splicing factor (SRm300). (A) X-ray micrograph of a single nucleus after silver enhancement. This image is a montage compiled from two individual X-ray microscope images. (B) Same nucleus after colour coding to emphasize the label. (C) Control; single nucleus that was exposed to secondary antibodies and silver enhancement but not primary antibodies. This image is a montage compiled from two individual X-ray microscope images. Magnification 2400Â, 0.034 NA with 20 nm pixel size at 517 eV (l 2.4 nm).
PROTEIN LOCALIZATION USING SOFT X-RAY MICROSCOPY 401 will therefore bridge the existing gap between light and electron microscopy by facilitating analyses of structurefunction relationships of molecules in cells.
